We have carried out first-principles calculations of H adsorption on Pd͑211͒ using density-functional theory with the generalized gradient approximation in the plane-wave basis to find out that the most preferred is the threefold hollow site on the terrace of Pd͑211͒ with an adsorption energy of 0.52 eV: the hcp and fcc sites being almost energetically equally favorable. For subsurface H adsorption on Pd͑211͒, the octahedral site with an adsorption energy of 0.19 eV is slightly more favorable than the tetrahedral site ͑0.18 eV͒. Our calculated activation energy barrier for H to diffuse from the preferred surface site to the subsurface one on Pd͑211͒ is 0.33 eV, as compared with 0.41 eV on Pd͑111͒. Thus, there is an enhancement of the probability of finding subsurface hydrogen in Pd͑211͒. Additionally, we find the diffusion barriers for H on the terraces of Pd͑211͒ to be 0.11 eV, while that along the step edge to be only 0.05 eV and that within the second layer ͑subsurface͒ to be 0.15 eV.
I. INTRODUCTION
Palladium is an important material in hydrogenation catalysis, electrolysis, and hydrogen storage technology. Bulk Pd readily absorbs hydrogen through the densely packed ͑111͒ planes 1, 2 and forms a metal hydride. Hydrogen also adsorbs dissociatively on the low-index Pd surfaces, generally on the highly coordinated sites. 3 For example, the most preferred adsorption of hydrogen on these surfaces appears to be on the hollow sites, for which experiments point to an adsorption energy in the range of 0.45-0.53 eV. 1 However, this argument about coordination does not hold on a stepped surface like Pd͑210͒, for which the local variations of the electronic structure at the adsorption sites appear to also play a role. 4 On Pd͑111͒, experiments also suggest hydrogen occupation of a subsurface site ͑in the region between the first and second Pd layers͒ at temperatures surprisingly low as 80 K. [5] [6] [7] [8] [9] These and related studies are part of the abundant literature on hydrogen adsorption on palladium surfaces. However, several issues still linger. In particular, the question of subsurface adsorption remains debatable and even more puzzling is the fact that subsurface adsorption takes place at very low temperatures. Earlier theoretical studies found subsurface site occupation to be critical to the formation of an ordered phase on the surface and subsurface occupation to be energetically favorable as the on-surface one. [10] [11] [12] To understand the microscopic implications of subsurface versus on-surface adsorption, theoretical calculations based on first-principles density-functional theory [13] [14] [15] [16] [17] [18] ͑DFT͒ have also been carried out. The conclusion from the latter studies is that on-surface H adsorption is energetically favored, suggesting hydrogen equilibration on the surface before diffusion into the layers below the surface. At the same time, to explain the observed low-temperature subsurface H adsorption, a concerted diffusion model involving two H atoms was proposed. 18 In another effort, surface phonon mediated subsurface adsorption was also suggested. 16 Interesting as these results are, the debate focused mainly on the low Miller index surfaces of Pd. Since steps and other defects are generally present on surfaces, their role in determining the energetics and dynamics of H on these surfaces needs to be understood. In this regard, the recent experimental and theoretical studies 4 of H on Pd͑210͒ are interesting. These authors find that H adsorption has considerable impact on the relaxation pattern of Pd͑210͒. Additionally, local coordination alone does not explain the preference for an adsorption site for H on Pd͑210͒. In this work, we have undertaken a comparative study of H adsorption on Pd͑211͒, a regular stepped vicinal surface of Pd͑111͒, and Pd͑111͒ itself, with the intention of understanding the effect of local environment and coordination. This choice of surface geometry also allows us to further compare our results with those already outlined for Pd͑210͒, which being a vicinal of Pd͑100͒ is an open surface with a high density of steps. It consists of two-atom-wide ͑100͒ terraces, separated by ͑110͒-faceted steps, while Pd͑211͒ consists of three-atom-wide ͑111͒ terraces, separated by ͑100͒-faceted steps.
Apart from questions about the most preferred adsorption site and the dependence of the adsorption energy on the local environment, the issue of the diffusion energy barrier for H on Pd surfaces ͑and subsurface͒ is also of technological and fundamental interest. Using a combination of experimental techniques, Farías et al. 19 investigated the propensity for H to migrate into the subsurface of Pd͑311͒, which is a vicinal of Pd͑110͒. Their results point to the dependence of subsurface H diffusion on the coverage and structure of the H overlayer. There is already a debate about the magnitude of the diffusion activation energy barriers for H on Pt͑111͒ and the effect of surface steps on them. 20 On Ni surfaces, which are also relevant to studies of hydrogenation, the diffusion barrier for H is found to be in the range of 0.17-0.19 eV. 21, 22 It is thus of interest to examine the corresponding barriers for H diffusion on Pd surfaces.
With the above factors in mind, we used ab initio electronic structure calculations for a detailed examination of H adsorption and diffusion on Pd͑211͒ and on Pd͑111͒. The processes studied here are represented schematically in Fig.  1 . In the next section, we provide details of the theoretical technique that we used. This is followed by Sec. III with a presentation of the results and their discussion, and conclusions are presented in Sec. IV.
II. DETAILS OF THEORETICAL METHODS
Our calculations are based on the density-functional theory, 23 in which the one-particle Kohn-Sham equations are solved self-consistently using a plane-wave basis set in the pseudopotential approach. The exchange and correlation energies are described using the parametrization of Perdew and Wang within the generalized gradient approximation ͑GGA͒. 24 Ultrasoft pseudopotentials are used for all elements under consideration. 25 The cutoff for the kinetic energy of the plane waves is taken to be 200 eV for all calculations. The computer code used was VASP. 26 The surface unit cell for H on Pd͑111͒ is taken to be ͑2 ϫ 2͒ ͑see Fig. 2͒ , i.e., there is one H atom per four Pd atoms, corresponding to a coverage of 0.25 ML ͑monolayer͒. For the case of Pd͑211͒, we considered a ͑2 ϫ 1͒ unit cell ͑see Fig. 3͒ , which also corresponds to a coverage of about 0.25 ML. Note that the ͑2 ϫ 2͒ unit cell of Pd͑111͒ has an area of 5.591ϫ 4.841 Å 2 , while the ͑2 ϫ 1͒ unit cell of Pd͑211͒ has a slightly smaller area of 5.591ϫ 4.748 Å 2 . Our supercells for Pd͑211͒ and Pd͑111͒ consist of slabs of 15 and 5 Pd layers, respectively. As a result, the total number of Pd atoms for Pd͑211͒ is 30 and that for Pd͑111͒ is 20. In fact, as a result of the differences in the interlayer separations, the 15-layer slab used in the calculations of Pd͑211͒ is just about as thick as the 5-layer one in the calculations of Pd͑111͒. The vacuum space used for Pd͑211͒ and Pd͑111͒ was 16 Å, respectively. Integration over an irreducible Brillouin zone was carried out using the Monkhorst-Pack grid 27 of ͑12ϫ 5 ϫ 1͒ for Pd͑211͒ and ͑6 ϫ 6 ϫ 1͒ for Pd͑111͒, which resulted in 12-31 irreducible k points for Pd͑211͒ and 7 -20 irreducible k points for Pd͑111͒, depending on the symmetry on the adsorption site. A Fermi-level smearing 28 of 0.2 eV was also applied. Hydrogen atoms were placed on the surface sites and their adsorption energy was calculated by allowing all H and Pd atoms to completely relax, except for those in the bottom layers ͓two layers for Pd͑111͒ and six layers for Pd͑211͔͒ which were kept fixed at their positions in the bulk solid.
Adsorption energy for atomic hydrogen was calculated with respect to hydrogen molecular binding energy in the gas phase using E ad = E͑Pd+ H͒ − E͑Pd͒ − ͑1/2͒E͑H 2 ͒, where E͑Pd+ H͒ is the calculated total energy of the H / Pd system, E͑Pd͒ is the energy of a similar supercell representing the clean surface, and E͑H 2 ͒ is the energy of a H 2 molecule in a cube with dimensions of 10ϫ 10ϫ 10 Å 3 . These adsorption energies do not include zero-point energy. Our calculated lattice constant for bulk Pd was 3.954 Å, which is 1.6% larger than that of the experimental value of 3.89 Å and is consistent with the general error obtained within DFT-GGA applications to such systems.
III. RESULTS AND DISCUSSIONS
In the following paragraphs, we first discuss the effect of hydrogen adsorption on the multilayer relaxation pattern of Pd͑111͒ and Pd͑211͒. This is followed by presentations of our analysis of H adsorption and diffusion on these two surfaces. For purposes here, we have chosen to examine these characteristics for a set of high symmetry points, which have been the subject of much discussion in the literature. On Pd͑111͒, the sites of interest in the surface layer include that on top of a Pd atom ͑T͒, another at the position bridging two Pd atoms ͑B͒, and the two hollow sites: fcc ͑F͒, which has no atom directly below it in the second layer, and hcp ͑H͒ which does have an atom below it ͑in the second layer͒. At the subsurface level, the adsorption sites of concern are the two tetrahedral sites T t and T h , which lie below the on-top and hcp hollow sites, respectively, and the octahedral site O f lying right underneath the fcc hollow site. These sites are shown schematically in Figs. 2͑a͒ and 2͑b͒.
For the vicinal surface Pd͑211͒, as its top view in Fig. 3͑a͒ and side view in Fig. 3͑b͒ indicate, not all on-top, bridge, and hollow sites are equivalent. We have, thus, added another index to our notation for the sites on the terrace to signify the distinction. The ͑2 ϫ 1͒ surface unit cell used in the calculations, shown as a dashed rectangle in Fig. 3͑a͒ , thus consists of the sites Fi, Hi, Ti, and Bi representing the fcc and hcp hollow, on-top, and bridge sites, respectively, where i may take values from 1 to 6 to distinguish their local environments. As i increases, the corresponding site is located lower in height ͓refer to Fig. 3͑b͔͒ and closer to the corner chain on the left. For example, H2 is located lower and closer to the corner chain on the left than H1, in Fig. 3͑a͒ . Note that H3 is a fourfold hollow site on the ͑100͒-faceted step surface. For the subsurface adsorption sites on Pd͑211͒, we use the same labeling scheme as that for Pd͑111͒, i.e., O h , T t , and T h represent the octahedral, and the two tetrahedral subsurface sites, respectively. These subsurface sites also carry corresponding indices ͑i͒ to distinguish their local geometry.
A. Effect of H adsorption on multilayer relaxations
For the specific adsorption sites discussed above, we present below our calculated interlayer relaxations. We discuss first the case of Pd͑111͒, followed by that of Pd͑211͒. The results for Pd͑211͒ are summarized in Table I along with other available theoretical and experimental results for comparison. The notations in Figs. 2 and 3 are used in the table.
Interlayer relaxation of Pd(111)
Adsorption of H causes the top layer Pd atoms to relax outwards. However, for the coverage considered here ͑0.25 ML͒, this relaxation is small: on the average, the spacing between the atoms in the first and second Pd layers changes only by about +1.2%. Note that the four Pd atoms in the surface unit cell are no longer equivalent once the H atom occupies one of the four sites ͑F, H, B, and T͒ indicated in Fig. 2͑a͒ . H adsorption thus causes a small rumpling of the surface because of the differential outward relaxation of the top layer Pd atoms. More interesting is the case of subsurface H adsorption ͓sites O f , T t , and T h in Fig. 2͑b͔͒ , in which the Pd atoms in the vicinity of the adsorbed H atom undergo substantial displacement from their equilibrium positions in clean Pd͑111͒. This pronounced outward expansion of the top layer Pd atoms accompanied by the downward displacement of the Pd atoms in the second layer, which are nearest neighbors of the H atoms, is understandable since room has to be made for the latter. Consider, for instance, adsorption at the tetrahedral site T t for which the displacement of the Pd atoms is most striking. The separation between the Pd atoms in the first and second layers in the immediate vicinity of the H atom undergoes a shift of about +11% as compared to that on the clean surface. Here the rumpling of the first layer is undoubtedly remarkable ͑0.21 Å͒. For the case of adsorption at O f and T h , the corresponding changes in Pd atom spacings are +3% and +5%, respectively. As hydrogen is difficult to detect and easily becomes a surface contaminant like C and S, we wonder if this large relaxation induced by subsurface hydrogen may have been credited with the unusual expansion reported for metal surfaces. 4, 5, 29 Our calculated bond lengths and the height of H above the Pd surface atoms are in general agreement with those reported earlier from theoretical calculations. 13, 15, 18 For both hollow sites, we find the height to be 0.81 Å and the H-Pd bond length to be 1.82 Å. These values are in good agreement with experimental results of 0.85± 0.05 Å for H height and 1.78 Å for H-Pd bond length. 9 At the bridge site, we find the height to be 0.98 Å, while the bond length is 1.73 Å. On the other hand, for the least favored adsorption site ͑on-top͒, H site at a distance of 1.55 Å. In the case of subsurface adsorption site O f , the depth of the H atom from its nearestneighbor top layer is 1.05 Å, while its bond length with the same Pd atom is 1.93 Å. The corresponding depths for T t and T h adsorption sites are 1.71 and 0.59 Å, respectively. For the tetrahedral site T h , the bond length is 1.77 Å.
Interlayer relaxation of Pd(211)
The calculated structural relaxations for Pd͑211͒ in the presence of 0.25 ML coverage of H are summarized in Table  I . As is already known, there are large interlayer relaxation on the clean Pd͑211͒ surface: 30, 31 Pd atoms in the corner chain ͓d 34 in Fig. 3͑b͔͒ undergo a large expansion ͑20% of the bulk interlayer distance͒, while Pd atoms in the step chain and those in the terrace chain contract by about 12-14% of the bulk interlayer distance, as seen in Table I . As a result, the terrace is not flat any longer, rather it becomes rough and does not possess the ideal surface registry of Pd͑111͒. We find that the adsorption of hydrogen on the Pd͑211͒ terrace produces H-Pd bond lengths ͑1.83 Å for H2 and 1.82 Å for F1͒ similar to that on Pd͑111͒. H adsorption at the H2 site also displays a larger contraction ͑22%͒ for d 12 as compared to that for the clean surface, while that at site F1 ͑14%͒ produces about the same change in d 12 as that for the clean surface. As indicated by the entries in Table I , the contraction of d 23 is remarkably small for on-surface H adsorption, showing values of about 4% as compared to 14% on the clean surface. These changes in the bond lengths are the result of the outward relaxation of the second layer ͑the Pd atoms in the terrace chain͒ upon H adsorption in the terrace.
For the subsurface sites in Pd͑211͒, as in the case of Pd͑111͒, H adsorption in O f 1 ͑directly below F1͒ does not show a substantial change in relaxation, from clean surface value, while that in T h 2 ͑directly below H2͒ results in a large expansion of the second layer, which causes the change in d 23 to become positive ͑+0.5% ͒, instead of the negative values found for all the other cases of d 23 in Table I . A very pronounced relaxation, similar to that exhibited by Pd͑211͒, is predicted for clean Pd͑210͒: −17%, −3%, and +10% for the first, second, and third layers, respectively. 4 For Pd͑210͒, however, a much smaller contraction ͑−3 % ͒ for the first layer and a large expansion ͑+7 % ͒ for the second layer were observed, and these were attributed to residual hydrogen coverage of less than 0.25 ML. 29 Our results show that when H adsorbs on the terrace, the contraction of d 23 ͑from bulk values͒ is markedly reduced by about 10% ͓from −14% for Pd͑211͒ to about −4% for H-covered Pd͑211͔͒. Moreover, when H adsorbs at T h 2 in the subsurface, this reduction could be about 14%, i.e., d 23 reverts to the bulk value. Thus, residual hydrogen and, in particular, subsurface hydrogen can make a significant difference in interlayer separations observed experimentally and need to be carefully taken into account in the analysis of such data.
B. Energetics of H adsorption
In this section, we summarize the results of our calculations of E ad , the adsorption energy, for H on Pd͑211͒. For reference, we have also calculated E ad for various sites on the mother surface Pd͑111͒, for which we provide a comparison of our results with those available in the literature. We present first the results for Pd͑111͒.
Adsorption energy of a submonolayer of H on Pd(111)
For the seven possible sites labeled in Fig. 2 , we present in Table II our calculated adsorption energies for 0.25 ML hydrogen on Pd͑111͒. The hollow sites of Pd͑111͒ display the largest adsorption energy, the fcc site with E ad of −0.59 eV is slightly preferred over the hcp one ͑by 0.04 eV͒, in agreement with previous calculations. 14, 16 Note that Ref. 18 predicted the converse to be the case. The bridge site with E ad of −0.44 eV offers somewhat lower adsorption energy while the on-top site is out of consideration, its adsorption energy being just −0.05 eV. In summary, our results exhibit a trend that H prefers a highly coordinated site for adsorption on Pd͑111͒. More importantly, adsorption energies for the octahedral and tetrahedral subsurface sites are much smaller than those for on-surface adsorption. Among the subsurface sites, the octahedral with E ad of −0.23 eV has the larger adsorption energy, followed closely by those at the two tetrahedral sites. These results naturally favor on-surface adsorption over the subsurface one by more than 0.36 eV, at 0.25 ML coverage, in agreement with previous theoretical calculations, [13] [14] [15] [16] [17] [18] the results of which are also summarized in Table II . We point out that our calculated value for the most preferred site is not in perfect agreement with the experimental E ad reported in Ref. 1 . For the same coverage, Løvvik and Olsen 16 found good agreement with experiment for E ad for adsorption in the hollow site. Since our results also show preference for the hollow sites, our calculated E ad is larger than that found experimentally, but lies within the range of values found theoretically. This overestimation of E ad in calculations based on DFT-GGA is a subject of investigation which we defer to the future.
Adsorption energy of a submonolayer of H on Pd(211)
The roughness of the clean Pd͑211͒ surface, as a result of the differential interlayer relaxation discussed above, is expected to induce substantial variations in the site-specific adsorption energetics for this stepped surface since the local geometry experienced by hydrogen is not the same as that on flat Pd͑111͒. These changes are made apparent in the summary of the adsorption energy for H on Pd͑211͒ presented in Table III . Basically, a trend similar to the Pd͑111͒ surface is repeated, i.e., the threefold hollow sites ͑F1-F2 and H1-H2͒ are preferred although the entries in Table III suggest that some of the bridge and on-top sites are not to be excluded. However, there are a couple of interesting changes. First, for adsorption in the threefold hollow sites, there is very little difference in the energy between the fcc and hcp sites. The hcp hollow site labeled H2 ͑Fig. 3͒ is the preferred adsorption site with energy of −0.52 eV, which is close to E ad on Pd͑111͒ ͑−0.55 eV͒. This may be attributed to the fact that H2 is located on the terrace where its local geometry is closest to that on Pd͑111͒. In general, in a one-to-one comparison of adsorption sites, we find smaller adsorption energies on the ͑211͒ surface than those on the ͑111͒ surface. Such a reduction of the adsorption energy was also observed for Pd͑210͒: E ad on Pd͑100͒ was found to be 0.53 eV, 32 but on Pd͑210͒ it was 0.41 eV. 4, 33 The lowering of adsorption energy may also be accompanied by a lowering of the diffusion barriers and may reflect an increase of reactivity of the stepped surface. Second, the fourfold hollow site ͑H3͒, with adsorption energy 0.43 eV, is energetically less favored than the threefold hollow sites. Third, the on-top site adsorption, T3, is understandably equivalent to the twofold bridge site ͑B6͒ in Fig. 3͑a͒ : at T3 the hydrogen atom is right above the Pd atoms in the corner chain along the surface normal and easily falls unto the bridge site ͑B6͒. Last, for subsurface adsorption, the difference in energy between the octahedral ͑O f 1͒ and the tetrahedral ͑T h 1͒ sites is much smaller for Pd͑211͒ than it is for Pd͑111͒.
A plot of the adsorption energy versus the local coordination of the H atom, in Fig. 4 , shows that hydrogen generally prefers a high coordination site on Pd͑211͒. The one exception is adsorption in the "fourfold" hollow site ͑H3͒, which is a special case since it is at the step edge and not on the terrace. It is interesting to note that on Pd͑210͒, the ordering of the adsorption sites with adsorption strength correlated the geometrical average of the nearest-neighbor d-band centers. 4 We carried out calculations of the d-band centers of the Pd atoms on Pd͑211͒ that are nearest neighbor of the adsorbed H and did not find any such correlation. H adsorption at site H3 deserves special attention on another note. In the case of the adsorption of C or S on Pd͑211͒, this fourfold hollow site at the step edge was the most preferred site, 30, 31 and in the case of C, it even penetrated the ͑100͒-faceted plane so that it made an additional bond with the Pd atom in the fourth layer. For the much smaller atom, hydrogen, it is natural to expect Table II but for Pd͑211͒. The site labels and indices are the same as in Fig. 3 . a behavior similar to that for C, but this turns out not to be the case. We found that even if the hydrogen atom is manually pushed into the ͑100͒-faceted plane, it immediately pops out of the plane. Clearly the changes in the electronic structure of Pd͑211͒ induced by C are not the same as that done by H.
C. Energy landscape for H diffusion from surface to
subsurface on Pd(111) and Pd(211) Our calculated energy profile of H for Pd͑111͒ and Pd͑211͒ along two chosen paths from the surface to the subsurface regions are shown in Figs. 5 and 6, respectively. For each point in the calculation, the submonolayer of hydrogen is placed in the specific configuration on the surface, in the subsurface region, and in the bulklike region, step by step along a given path. The total energy of the configuration is calculated according to the prescription provided in Sec. II, except that the H atom is allowed to relax in the direction normal to the path but not along the path. From the calculated energy profile, we estimated the energy barrier for H diffusion along these paths. We realized that more definitive calculations of the energy barrier required calculation of the exact transition state for the process ͑saddle point͒ in a multidimensional phase space. The intent here, however, was to examine the relative trends in the probability of H diffusion along chosen paths. In Fig. 5͑a͒ , the total energy difference with respect to that for Pd͑111͒ + ͑1/2͒H 2 system is plotted for a large number of points ͑about 25͒ along the path from site F ͓Fig. 2͑b͔͒ into the third layer atoms directly below it. Clearly the hydrogen atom prefers to stay at F and needs 0.41 eV to go into the subsurface region and, from subsurface to the bulk region, another 0.32 eV is needed. In Fig.  5͑b͒ , we plotted the same energy difference, but for another path originating from F. Here we examined the energy landscape for H as it tries to sample the region from O f to T t and then straight down into the third layer. On comparing Figs. 5͑a͒ and 5͑b͒, we saw that the propensity for H to go into the bulk via the tetrahedral site T t is larger than going straight down from the octahedral site O f . The energy profile for H along two paths from points on the surface of Pd͑211͒ into its bulk are presented in Figs. 6͑a͒ and 6͑b͒. In Fig. 6͑a͒ , we started with the H at the threefold fcc hollow site F1 ͓see Fig. 3͑a͔͒ and proceeded straight down into the bulk along a path normal to the terrace. As seen, H is in equilibrium at the site F1 and requires about 0.33 eV to move to the octahedral site O f 1, from where it needs another 0.28 eV to get to the tetrahedral site beneath the second layer. If, on the other hand, H is in equilibrium at the site F2 near the step edge, it needs 0.36 eV to overcome the barrier to reach the octahedral site O f 2 and a subsequent energy of 0.23 eV to get to the tetrahedral site below the second layer.
On comparing the energetics for H penetration from the surface to the subsurface on Pd͑211͒ and Pd͑111͒, we found that the initial difference of 0.08 eV in the barriers between the surface fcc hollow site and subsurface octahedral site 0.41 eV for Pd͑111͒ and 0.33 eV for Pd͑211͒ is the main basis for arguing that the stepped surface may be more susceptible for subsurface H presence than the flat one, and the reduction comes from the decrease of the adsorption energy of hydrogen in the hollow sites of Pd͑211͒ as discussed earlier. The energy barrier for H to move from the subsurface to the bulk region for Pd͑211͒ is slightly larger ͑by about 0.04 eV͒ than that for Pd͑111͒. From Figs. 5 and 6, it is evident that only after the hollow sites on surface are substantially populated, hydrogen will start to dissolve into the bulk; 1, 19 otherwise, H will immediately diffuse back to the surface. This also applies for the diffusion from subsurface to the bulk regions. When the surface is empty and temperature is high enough for the absorbed H atoms in the bulk region to overcome the barrier, they will diffuse back into the surface and populate the surface again. As a result, surface hydrogen comes from two sources: one from the region above the surface, and the other is the absorbed hydrogen traveling back through the bulk region, as observed in thermal desorption spectroscopy ͑TDS͒ experiment. 1 While our results may be in apparent conflict with the experimental finding that at even low temperatures the subsurface site was populated, there are some important factors that should be taken into account. First, there may be concerted H absorption and adsorption. According to Löber and Hennig 18 while the energy barrier for H diffusion from a surface to a subsurface site on a hydrogen preadsorbed Pd͑111͒ surface is 0.74 eV, it reduces to 0.43 eV in the case of simultaneous H adsorption and subsurface diffusion. Second, there may be a coupling of H subsurface adsorption to a surface phonon. That is, a highly coordinated motion of H and the surface Pd atoms may drastically reduce the subsurface energy barrier, as predicted by Løvvik and Olsen. 16 In fact, the energy barrier was found to disappear altogether. Third, there may be a strong dependence of the subsurface adsorption barrier on H coverage. For example, for subsurface adsorption of 1 ML hydrogen, the barrier was calculated to be 0.85 eV. 16 This value reduces to 0.74 eV for 2 / 3 ML, 16 and in our study, it reduces further to 0.33 eV for 0.25 ML hydrogen. This trend of decreasing energy barrier with decreasing coverage appears to suggest the possibility of subsurface adsorption at very small coverages. Recent calculations by Nobuhara et al., 34 however, effectively showed no change in this energy barrier as the coverage is reduced from 1 / 4 ML to 1 / 9 ML. Fourth, there may be quantummechanical effects such as tunneling responsible for H penetration into the surface. Low-temperature hydrogen diffusion often shows crossover from classical overbarrier hopping to quantum-mechanical underbarrier tunneling. 21 For example, for H diffusion on Ni͑111͒, a crossover was observed to occur at 110 K with a reduced activation energy of about 0.1 eV. 21 On Pd͑111͒, experiments suggesting hydrogen occupation of a subsurface site were carried out at temperatures as low as 80 K. [5] [6] [7] [8] [9] It is reasonable to assume that at this temperature H penetration from Pd͑111͒ surface to subsurface may occur via underbarrier tunneling rather than overbarrier hopping. It may also require less energy barrier. Thus to get a full agreement with experimental data, one has to perform a coverage, temperature, and pressure dependent quantum-mechanical calculation of the adsorption rate. Such a calculation is beyond the scope of this work.
D. Energy landscape for H surface diffusion on
Pd(211) and Pd(111) The calculated energy profile for H at chosen points along the paths connecting the four adsorption sites ͑F, H, T, and B͒ on Pd͑111͒ is illustrated in Fig. 7 . As expected from the results in Sec. III B above, there is an activation energy barrier of about 0.54 eV for H to jump from the fcc hollow site to the on-top position from where it can easily go to the hcp hollow site. The activation energy barrier from the hcp to the fcc hollow site, via the bridge site, is only 0.11 eV. From the most preferred adsorption site ͑F͒, the activation energy barrier is 0.15 eV, which may be taken as the representative energy barrier for H diffusion on Pd͑111͒. This latter value is comparable to that deduced from experiments for H on Pt͑111͒, which report these energy barriers to be 0.07, 35 0.16, 20 and 0.19 eV. 36 These differences in the values arise from the subtleties in the experimental techniques and continue to be the subject of discussion. 20 Regardless, it is satisfying to see that our calculated energy barrier for H on Pd͑111͒ lies in the range found in experiments, albeit on Pt͑111͒.
Next we turn to the calculated energy landscape for H on Pd͑211͒ along three chosen paths: ͑1͒ away from the step edge from H3 to B1, ͑2͒ away from the step edge from site T3 to T1, and ͑3͒ along the step edge from site H3 to B6 ͓see Fig. 3͑a͔͒ . Although a number of other diffusion paths are conceivable on this stepped surface, the three chosen above provide the maximum and minimum energy barriers faced by the H atoms as they try to diffuse on the terraces of Pd͑211͒, which consist of three inequivalent hcp sites, two inequivalent fcc sites, six inequivalent bridge sites, etc. From the site-specific adsorption energies presented in Table III and the information below, the activation energy barrier for any path on Pd͑211͒ can be obtained. The calculated energy profile for H along path 1 ͑H3 to B1͒ on Pd͑211͒ is presented in Fig. 8͑a͒ . Along this path, the lowest energy point is at F2. H atom adsorbing near the step edge at H3 needs only 0.05 eV to overcome the barrier at the bridge site ͑B5͒ and reach the hollow site F2, beyond which it has to surmount a barrier of 0.49 eV to get to the on-top site T2 before settling into the hollow site H1 near the next step edge. Conversely, H adsorbed at F2 needs to overcome a barrier of 0.15 eV to reach the step edge.
The diffusion energy barriers for the H atom initially adsorbed near the step edge at T3 follow a different structure from the one above, for our chosen path 2, as depicted in Fig.  8͑b͒ . It needs to first overcome a barrier of 0.27 eV to reach H2, which according to Table III is the most favored. From H2, the energy barrier to the next hollow fcc site is 0.11 eV, as found earlier on Pd͑111͒. This is not surprising since the terraces of Pd͑211͒ have the same geometry as Pd͑111͒. There is, however, a difference in the characteristics of H diffusion on the two surfaces. As we have shown in Table III , there are several adsorption sites for H on Pd͑211͒ with small differences in adsorption energy. Also H would most likely adsorb on one of the sites near the step edge ͑higher adsorption energy͒. From these sites, H could diffuse to the other sites through the paths with energy barriers of about 0.11 eV ͑see Table III͒ , which is 0.04 eV less than the typical diffusion barrier that it finds on Pd͑111͒.
The most pronounced evidence for H diffusion on Pd͑211͒ comes from the plot in Fig. 8͑c͒ of its energy profile along the step edge ͑path 3͒. Here the activation energy barrier from H3 to B6 is only 0.05 eV-three times lower than that found for Pd͑111͒. These results also point to an enhanced H diffusion along the step edge rather than away from it. This shows that the diffusion path along the step edge is like a nanoscale highway where hydrogen atoms can diffuse very fast from one place to another on Pd͑211͒. Also, the existence of such a fast diffusion path may suggest that the step is a very reactive place for Pd͑211͒.
E. Energy landscape for subsurface H diffusion on Pd(211) and Pd(111)
Although the subsurface sites on Pd͑111͒ have lower adsorption energy than the hollow and bridge sites in the surface layer, the probability for finding H in the subsurface region is not negligible. In Fig. 9 , we plotted the energy profile for H as it attempts to diffuse from the octahedral site to the tetrahedral ones. The diffusion energy barrier is about 0.12 eV, except for the jump between the tetrahedral sites T h and T t , for which the barrier is 0.23 eV. Thus from considerations of energetics alone, once H penetrates into the subsurface region, it can diffuse with somewhat greater ease than on Pd͑111͒ surface.
On Pd͑211͒, we have calculated the energy profile for H in the subsurface region only along a path directly below path 2, considered above in Sec. III D as specific example.
The plot in Fig. 10 shows the activation energy barrier to vary from 0.06 to 0.31 eV. The typical activation energy barrier for the subsurface diffusion on Pd͑111͒ and Pd͑211͒ is an order of 0.1 eV, and this small barrier can be easily exploited for manipulation of a subsurface H atom by exciting it with the electric current or the electromagnetic wave. For example, in Ref. 5 , the subsurface H atoms were freely moved by exciting it with the electric current using a scanning tunneling microscope tip.
To examine the possibility of H to penetrate into the bulk on Pd͑211͒ through adsorption near the step edge, we present in Fig. 11 our calculated the energy profile for H diffusion from the surface site H3 to the subsurface T h 1 through the ͑100͒-faceted step. The energy barrier from Fig. 11 is 0.38 eV. The transition point ͑the potential peak͒ of the graph does not lie right on the step plane, but slightly inside the plane, as discussed earlier. Thus, H does not automatically penetrate the rather open ͑100͒ plane like a C atom. Therefore, it is not the size of an atom but the interaction of an atom with the Pd atoms both at the surface and in the subsurface site that determines the energy barrier for the subsurface adsorption.
IV. CONCLUSIONS
We performed first-principles calculations of H adsorption and diffusion on Pd͑211͒ using density-functional theory with the generalized gradient approximation in the planewave basis. Our calculations showed a number of adsorption sites for H on the Pd͑211͒ terrace and near the step edge for which the adsorption energy lies in the range from −0.52 to − 0.4 eV. For H subsurface adsorption, the octahedral subsurface site ͑directly below the fcc hollow site͒ is slightly more favorable than the tetrahedral site ͑directly below the hcp hollow site͒, with the adsorption energy of 0.19 eV. Our calculated activation energy of H diffusion from the surface to the subsurface is 0.33 eV ͓0.41 eV for Pd͑111͒ surface͔. Thus, an enhancement of hydrogen subsurface adsorption may be expected for Pd͑211͒ as compared to that on Pd͑111͒. A similar order of mobility was also obtained for hydrogen diffusion in the surface and subsurface regions of Pd͑211͒. In particular, we found that the diffusion barrier associated with motion parallel to the step edge is only 0.05 eV on Pd͑211͒. We traced these differential energetics for H on Pd͑211͒ to the differences in the local geometry and changes induced in the interlayer spacings on H adsorption. Our calculations also showed that all subsurface sites are energetically less favorable than the adsorption site on the surface for H. The calculated diffusion barriers and energy profiles for H on Pd͑211͒ and Pd͑111͒ in the surface, subsurface, and from surface to subsurface, however, cannot rule out that a small number of H may penetrate the surface any time. We await more experimental data on H diffusion on the system to establish the validity of the results presented here. 
